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HIGHLIGHTS 


►  A  simple  template/reduction  approach  is  developed  for  fabricating  Te@Au  hybrids. 

►  The  Te@Au  hybrid  electrode  exhibits  much  higher  electrocatalytic  activity  in  ethanol  oxidation. 

►  The  hybrids  have  higher  tolerance  on  the  poisoning  by  intermediate  products. 

►  The  effective  surface  area  was  greatly  increased  due  to  the  formation  of  Au  nanoparticles. 
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Using  Au  nanoparticles  to  catalyze  the  oxidation  of  alcohols  has  garnered  increasing  attention  due  to  its 
potential  application  in  direct  alcohol  fuel  cells.  In  this  research  Te@Au  core-shell  hybrids  were  fabricated 
for  the  catalytic  oxidation  of  ethanol,  where  the  preparation  procedure  involved  the  initial  production  of 
Te  crystals  with  different  microstructures  and  the  subsequent  utilization  of  the  Te  crystal  as  a  template 
and  reducing  agent  for  the  production  of  Te@Au  hybrids.  The  as-prepared  core-shell  hybrids  were 
characterized  by  scanning  electron  microscopy,  transmission  electron  microscopy,  energy-dispersive  X- 
ray  spectroscopy,  and  X-ray  diffraction  techniques.  Electrochemical  measurements  illustrate  that  the 
hybrids  have  great  electrocatalytic  activity  and  stability  toward  ethanol  oxidation  in  alkaline  media.  The 
enhanced  electrocatalytic  property  may  be  attributed  to  the  cooperative  effects  between  the  metal  and 
semiconductor  and  the  presence  of  a  large  number  of  active  sites  on  the  hybrids  surface. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Micro/nano  materials  with  a  three-dimensional  (3D)  superstruc¬ 
ture  have  shown  interesting  mechanical,  electrical  and  electromag¬ 
netic  properties  [1—5],  and  have  been  used  in  electronics,  optics, 
optoelectronics,  electrochemical  sensors  and  chemical  catalysis  [6,7]. 
Among  those  3D  nanostructured  materials  reported,  the  p-type 
semiconductors  with  a  narrow-band  gap  such  as  trigonal  tellurium 
(Te)  have  demonstrated  particularly  promising  properties  such  as 
great  photoconductivity  and  catalytic  activity  [8].  Te  has  also  served  as 
a  sacrificial  template  to  synthesize  other  nanomaterials  with 
a  desired  morphology,  making  the  development  of  simple  and 
inexpensive  methods  for  controllable  synthesis  of  Te  a  rather 
important  topic  [9].  Significant  progresses  in  the  synthesis  of  one-  and 
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three-dimensional  Te  nanomaterials  such  as  rods  [8],  wires  [9-11], 
tubes  [12],  spheres,  flowers  [13]  and  dendrites  [14]  have  been  ach¬ 
ieved  in  the  past  decade.  Zhu  and  co-workers,  for  example,  synthe¬ 
sized  Te  nanotubes,  nanowires  and  nanorods  on  a  large  scale  through 
the  reduction  reaction  of  I<2Te03  and  NaH2P02,  in  which  the 
morphology  was  tuned  by  controlling  NaOH  concentration,  reaction 
temperature  and  reductant  concentration  [8]. 

A  facile  route  for  fabricating  semiconductor  nanocables  using  Te 
nanowire  as  the  core  and  carbon  as  shell  (Te@C)  has  been  devel¬ 
oped  by  Wang  and  co-workers  [10].  Their  experiments  demon¬ 
strated  that  the  shell  thickness  of  the  Te@C  nanocables  could  be 
easily  tuned  by  controlling  the  deposition  time  and  the  concen¬ 
tration  of  dextran.  Xia  and  co-workers  studied  the  chemical 
transformation  of  various  ultrathin  metal  telluride  nanowires  (i.e. 
MxTeywith  M  =  Ag,  Cd,  Zn,  Pb,  or  Pt),  where  ultrathin  Te  nanowires 
were  converted  into  Ag2Te  nanowires  through  topotactic  trans¬ 
formation.  Later,  the  Ag2Te  nanowires  were  transformed  into  CdTe, 
ZnTe,  and  PbTe  nanowires  through  cation  exchange  [3].  The  feasi¬ 
bility  of  using  Te  as  a  template  to  make  other  nanomaterials  has 
significantly  expanded  its  application  in  areas  such  as  catalysis. 


228 


H.  Jin  et  al  /  Journal  of  Power  Sources  215  (2012)  227—232 


The  use  of  Au  to  facilitate  the  oxidation  of  simple  alcohols  has 
recently  garnered  a  great  deal  of  attention  [15-17].  When  Au 
nanoparticles  were  used  to  form  composites,  such  as  Au  on 
reducible  metal  oxides,  stronger  catalytic  activity  was  achieved  in 
prompting  the  oxidation  of  CO  and  alkenes  at  low  temperature 
[18,19].  This  is  consistent  with  a  number  of  reports  that  demon¬ 
strated  the  so-called  cooperative  effects  when  metal  nanoparticles 
are  dispersed  on  the  semiconductor  surface  [20-22].  In  this 
research  we  explored  the  feasibility  of  utilizing  Te  dendrites  as 
a  template  and  reducing  agent  to  synthesize  Te@Au  core-shell 
hybrids.  In  comparison  to  methods  developed  earlier  for  the 
preparation  of  Au  composites,  the  current  approach  only  requires 
to  prefabricate  Te  crystals  with  a  desired  morphology,  not  both 
components  with  a  desired  microstructure.  In  addition,  the  tech¬ 
niques  of  making  3D  Te  crystals  have  been  well  established  [8-15]. 
The  template/reducing  agent  approach  also  puts  a  growth  limit  (i.e. 
the  thickness)  of  the  shell  layer,  which  consequently  reduces  the 
need  of  precious  metals.  The  thin  film  property  may  further  amplify 
the  cooperative  interaction  of  the  metal  and  semiconductor. 

2.  Experimental 

2.2.  The  synthesis  ofTe@Au  hybrids 

HAUCI4  4H2O,  KOH,  ethylene  glycol,  acetone,  hydrazine  (50%) 
and  ethanol  were  purchased  from  Shanghai  Chemical  Factory,  China 
and  were  used  as  received.  Nation  (perfluorinated  ion-exchange 
resin,  5  wt%  solution  in  a  mixture  of  lower  aliphatic  alcohols  and 
water)  was  obtained  from  Aldrich.  Deionized  water  used  in  this 
study  was  prepared  with  a  Millipore  system.  The  dendrite-shaped 
Te  crystals  were  prepared  according  to  our  prior  work  [13].  The 
large  scale  synthesis  of  Te@Au  hybrids  was  carried  out  through  the 
following  strategy:  18.6  mg  of  Te  dendrites  was  added  into  20.0  mL 
of  ethylene  glycol,  followed  by  the  addition  of  4.0  mL  of  10.0  mM 
HAuC14  solution.  The  mixture  was  stirred  at  50  °C  until  the  Au 
precursor  was  reduced  completely,  which  took  about  2  h.  The 
solution  was  then  centrifuged  and  the  collected  solid  was  washed 
several  times  with  deionized  water  and  absolute  ethanol.  Finally,  the 
product  was  dried  at  70  °C  in  vacuum  condition  for  12  h. 

2.2.  Preparation  of  the  working  electrodes 

Prior  to  the  surface  coating,  glass  carbon  (GC)  electrodes  were 
polished  carefully  with  1.0,  0.3  and  0.05  pm  alumina  powder, 
respectively,  and  rinsed  with  deionized  water.  It  was  followed  by 
sonication  in  acetone  and  deionized  water.  The  cleaned  GC  elec¬ 
trode  was  then  dried  with  nitrogen  gas.  About  5.0  mg  of  Te@Au 
hybrids  was  ultrasonically  suspended  in  a  mixture  of  2.0  mL  of 
ethanol  and  50.0  uL  of  5  wt  %  Nation  solution  for  about  30  min  to 
obtain  an  ink.  20.0  pL  of  the  catalyst  ink  was  then  spread  on  the 
surface  of  a  GC  electrode  (area  =  0.124  cm2). 

When  polycrystalline  Au  electrode  was  investigated,  al.5  mm 
diameter  Au  electrode  (CF1  Instruments,  Chenhua  Co.,  China)  was 
first  polished  with  0.3  pm  alumina  slurry  on  a  polishing  cloth  for 
approximately  5  min.  After  that  the  electrode  was  rinsed  with 
water  and  then  cleaned  ultrasonically  in  deionized  water  for  1  min 
to  remove  residual  alumina  particles  that  might  have  been  trapped 
on  the  surface.  Electrochemical  pretreatment  was  performed  with 
25  successive  scans  between  -0.2  V  and  1.1  V  (vs.  Ag/AgCl)  in 
a  0.5  M  H2S04Solution  at  a  scan  rate  100  mV  s-1.  After  that,  the 
electrode  was  rinsed  with  water  and  then  ultrasonicated  in  water 
for  1  min  [23,24].  The  effective  surface  area  (ESA)  of  the  working 
electrodes  was  determined  with  cyclic  voltammetry  (CV)  tech¬ 
nique.  The  scan  took  place  in  a  1.0  M  KOH  solution.  Integration  of 
the  charge  consumed  during  the  formation  of  the  surface  oxide 


monolayer  enabled  the  estimation  of  ESA  using  a  reported  refer¬ 
ence  value  of  386  pC  cnrT2  [23,24]. 

2.3.  Characterization  and  electrochemical  measurements 

A  FEI  Nova  Nanosem  200  scanning  electron  microscope  (SEM) 
was  used  to  determine  the  morphology  and  compositions  of  the 
Te@Au  products.  Transmission  electron  microscopy  (TEM) 
measurements  were  made  on  a  JEOL  2100F  microscope  with 
a  200  kV  accelerating  voltage  (Japanese  Electron  Optics  Labora¬ 
tory).  X-ray  diffraction  (XRD)  pattern  was  recorded  with  a  Bruker 
D8  Advance  X-ray  diffractometer  using  Cu  Ka  radiation  with  a  Ni 
filter.  The  26  angular  regions  between  20°and  80°  were  explored  at 
a  scan  rate  of  5°  min-1.  Cyclic  voltammetry  experiments  were 
performed  with  a  CHI660c  electrochemical  analyzer  (CH  Instru¬ 
ments,  Chenhua  Co.,  China),  where  a  conventional  three-electrode 
cell  was  used  with  Ag/AgCl  (saturated  KC1)  as  the  reference  elec¬ 
trode,  a  platinum  wire  as  the  counter  electrode  and  Te@Au  modi¬ 
fied  GC  as  the  working  electrode. 

3.  Results  and  discussion 

Fig.  1  shows  SEM  images  of  the  as-obtained  Te  (panels  (a)  and 
(b))  and  Te@Au  hybrids  (panels  (c)  and  (d)).  Fig.  1(a)  illustrates  that 
these  Te  crystals  have  a  dendrite  shape.  From  the  magnified  SEM 
image  in  Fig.  1(b),  it  can  be  seen  that  these  Te  dendrites  have 
a  length  of  up  to  30  pm  and  the  diameter  of  those  secondary 
branches  ranges  between  75  and  150  nm.  Comparison  of  Fig.  1(b) 
and  (d)  leads  to  a  conclusion  that  the  dendrite  framework  is  not 
destroyed  upon  the  reduction  reaction  between  Te  and  Au3+  ions. 

Fig.  2(a)  is  a  TEM  image  taken  at  the  tip  of  a  Te@Au  dendrite. 
From  this  image,  it  is  clear  that  the  Te  dendrites  are  covered  by  Au 
film  and,  interestingly,  the  film  is  not  smooth  and  consists  of  Au 
nanospheres.  The  presence  of  Au  nanoparticles  on  the  surface  is 
expected  to  significantly  increase  the  surface  area  and  the  number 
of  active  sites,  which  shall  have  positive  impacts  on  the  catalytic 
activity.  Fig.  2(b)  is  a  HRTEM  image,  which  shows  that  the  d-spacing 
is  0.235  nm.  Such  a  fringe  spacing  agrees  well  with  the  spacing  of 
Au  (111)  plane  [25].  This  conclusion  is  further  confirmed  by  XRD 
spectra.  HRTEM  image  in  Fig.  2(b)  also  illustrates  that  Au  atoms  are 
well-distributed  on  the  Te  surface,  forming  an  enclosed  shell.  A 
high  angle  annular  dark  field  (HAADF)  image  of  the  secondary 
branch  is  shown  in  Fig.  3(a),  where  the  core-shell  structure  can  be 
easily  recognized.  The  Te  core  is  a  bright  spot  at  the  center  and  the 
outer  shell  is  designated  Au.  Variation  of  the  HAADF  contrast  can  be 
attributed  to  the  thickness  change.  This  image  also  shows  that  the 
Au  film  is  not  smooth,  where  Au  particles  with  a  size  between  3  and 
10  nm  can  be  identified.  Our  experiments  illustrate  that  the 
roughness  of  the  Au  film  (i.e.  the  size  of  these  Au  NPs)  are  influ¬ 
enced  by  the  initial  concentration  of  Au3+.  The  element  distribution 
across  the  secondary  branch  is  analyzed  by  the  line  scanning 
analysis  in  the  STEM  EDS  mode.  The  result,  presented  in  Fig.  3(b), 
reveals  that  Te  concentration  peaks  at  the  core,  whereas  Au 
element  peaks  near  the  edge  of  the  branch.  Overall,  the  above 
characterization  shows  that  Au  distributes  all  over  the  dendrites, 
whereas  Te  is  negligible  on  the  exterior  of  the  hybrids. 

Fig.  4  shows  the  XRD  spectra  of  (a)  Te  crystal  and  (b)  Te@Au 
hybrids.  All  the  diffraction  peaks  in  the  Te  pattern  can  be  readily 
indexed  to  the  hexagonal  Te  with  the  calculated  lattice  parameters 
in  good  agreements  with  literature  values  (JCPDS  34-0420).  For  the 
Te@Au  hybrids,  four  peaks  corresponding  to  the  (111 ),  (200),  (220), 
and  (311)  planes  of  a  face-centered  cubic  lattice  of  Au  have  been 
observed  (JCPDS  No.  04-0784).  The  peak  corresponding  to  the  (111) 
plane  is  more  intense  than  peaks  corresponding  to  the  other  planes. 
This  confirms  that  Te@Au  core-shell  hybrids  have  been  successfully 
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Fig.  1.  SEM  images  of  (a  and  b)  Te  and  (c  and  d)Te@Au  hybrids. 


synthesized  by  the  template-reduction  route,  where  the  Au  film 
grew  along  (111)  direction. 

Fig.  5(a)  shows  CVs  at  the  polycrystalline  Au  and  the  Te@Au 
hybrid  electrodes  in  a  1.0  M  KOH  solution.  For  the  Au  electrode, 
a  broad  oxidation  wave  in  the  potential  range  between  30  and 


a 


400  mV  and  a  reduction  peak  at  -100  mV  were  observed,  which 
correspond  respectively  to  the  formation  and  reduction  of  surface 
oxides.  This  is  atypical  behavior  of  Au  in  alkaline  electrolyte  [26]. 
The  voltammogram  of  Te@Au  electrode  is  largely  the  same  as  that 
of  the  poly-Au  electrode, the  stronger  peak  current  can  be 


Fig.  2.  (a)  TEM  and  (b)  HRTEM  images  recorded  at  the  tip  of  Te@Au  hybrids. 
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Fig.  3.  (a)  HAADF  image  measured  at  the  tip  of  Te@Au  hybrids,  (b)  Characterization  of  Te  and  Au  distribution  across  a  secondary  branch  of  the  dendrite.  EDS  line  profile  of  Te  (green) 
and  Au  (blue)  through  the  area  indicated  by  the  red  line  in  (a).  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


attributed  to  the  significant  increase  in  the  surface  area.  The 
effective  surface  area  of  both  working  electrodes  can  be  estimated 
from  the  amount  of  charge  consumed  during  the  reduction  of  the 
surface  Au  oxide  monolayer  divided  by  a  reported  parameter  value 
of  386  pC  cm-2.  The  ESA  of  the  poly-Au  and  Te@Au  hybrids  elec¬ 
trodes  are  measured  to  be  0.235  and  1.174  cm2,  respectively.  The 
total  electrochemical  active  surfaceareas  (ECSAs)of  Te@Au  hybrids 
is  therefore  458%  of  the  poly-Au  electrode.  The  significant  increase 
in  ECSA  indicates  that  the  as-prepared  Te@Au  core-shell  dendrites 
could  be  potentially  used  as  an  efficient  electrocatalyst. 

CVs  of  1.0  M  ethanol  in  a  1.0  M  KOH  solution  measured  with 
poly-Au  and  Te@Au  hybrids  electrodes  are  shown  in  Fig.  5(b), 
where  the  scanning  rate  was  50.0  mV  s_1.The  anodic  peak  poten¬ 
tials  are  310  and  200  mV  for  the  Te@Au  and  poly-Au  catalyst 
electrode,  respectively.  With  the  Te@Au  hybrids  electrode  there  is 
approximately  100  mV  positive  shift  in  the  anodic  peak  potential, 
but  a  much  higher  CH3CH2OH  oxidation  current  density  is 
obtained.  Specifically,  the  peak  current  densities  are  11.58  and 
2.24  mA  cm”2  at  the  Te@Au  and  poly-Au  electrodes,  respectively. 
The  current  density  was  calculated  on  the  basis  of  ECSA  that  was 
determined  above.  Although  the  anodic  peak  potential  shifted 
positively,  the  oxidation  onset  potential  at  Te@Au  electrode 
became  -0.30  V,  which  was  lower  than  -0.20  V  obtained  with 
poly-Au  catalyst.  The  semiconductor  Te  did  not  reduce  the 


conductivity  of  the  hybrids,  which  is  presumably  because  high 
density  Au  NPs  had  formed  the  necessary  electric  network  on  the 
hybrids  surface  [27].  In  comparison  to  the  spectra  in  Fig.  5(a),  the 
cathodic  peak  in  Fig.  5(b)  is  significantly  reduced,  implicating  that 
a  smaller  amount  of  Au  oxides  was  produced  during  the  forward 
scan  in  the  ethanol  solution.  It  provides  further  support  that  Au  has 
catalytic  effect  on  the  electro-oxidation  of  ethanol,  since  it  reduces 
the  quantity  of  Au  oxides  on  the  electrode  surface. 

Anodic  peaks  associated  with  ethanol  oxidation  are  observed  in 
both  the  forward  and  reverse  sweeps.  The  oxidation  peak  observed 
in  the  reverse  scan  is  primarily  associated  with  the  removal  of  the 
adsorbed  intermediate  products  formed  during  the  forward  scan. 
The  ratio  of  the  forward  and  reversed  oxidation  current  peaks,  If/Ib , 
is  an  important  measure  of  the  tolerance  of  the  catalyst  to  fouling 
[28-30].  A  higher  ratio  indicates  the  better  tolerance  against  the 
poisoning  species.  Recently,  several  reports  have  demonstrated  that 
Au@Pt  and  Au@Pd  core/shell  hybrids  or  their  alloy  NPs  have  higher 
electrocatalytic  activity  than  Pt  (or  Pd)  NPs.  They  also  exhibited 
particular  advantage  in  effectively  removing  the  poisoning  species 
through  a  bifunctional  mechanism  [31-34].  For  the  Te@Au  hybrids 
electrode,  Fig.  5(b)  shows  that  the  anodic  peak  during  the  reverse 
scan  has  almost  disappeared,  indicating  that  it  has  very  high 
tolerance  on  poisoning.  The  improved  tolerance  on  carbon  inter¬ 
mediate  products  may  be  attributed  to  that  reducible  gold  oxides 
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Fig.  4.  XRD  patterns  of  (a)Te  and  (b)Te@Au  hybrids. 
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t/s  Number  of  C V  Cycles 

Fig.  5.  CVs  at  poly-Au  and  Te@Au  electrodes  in  (a)  1.0  M  KOH  and  (b)  1.0  M  KOH  +  1.0  M  ethanol  solution;  (c)  Chronoamperometric  curves  for  the  poly-Au  and  Te@Au  electrodes  in 
1.0  M  KOH  and  1.0  M  ethanol  solution;  (d)  Normalized  ECSA  of  the  poly-Au  and  Te@Au  electrodes  as  a  function  of  the  cycling  numbers  in  the  accelerated  durability  tests.  The  scan 
rate  in  (a)  and  (b)  is  50  mV  s-1. 


promote  the  oxidation  of  intermediate  products  such  as  CO  at  low 
temperature. 

The  stability  of  the  Te@Au  hybrids  electrode  was  investigated  by 
chronoamperometric  experiments  at  100  mV  (versus  Ag/AgCl). 
From  Fig.  5(c),  one  can  see  that  the  current  decay  of  the  hybrids  is 
much  slower  than  that  of  poly-Au.  At  4000  s,  for  example,  the 
current  is  0.73  mA  cm-2  at  the  Te@Au  electrode,  whereas  it  is  only 
0.043  mA  cm-2  at  the  poly-Au  electrode.  The  current  decay  is 
generally  associated  with  the  poisoning  by  ethanol  oxidation 
products.  Therefore,  results  in  Fig.  5(c)  suggest  that  Te@Au  hybrids 
does  not  only  enhance  the  catalytic  activity  of  Au,  but  also  produces 
better  electrocatalytic  stability  toward  poisoning  [31,32,35].  In 
Fig.  5(d),  the  accelerated  durability  tests  of  the  electrodes  were 
conducted  by  potential  cycling  in  a  02-purged  1.0  M  KOH  solution 
at  room  temperature  with  a  scan  rate  of  50  mV  s^1.  After  4000 
cycles,  the  poly-Au  catalyst  had  lost  31%  of  its  initial  ECSA,  while  the 
degradation  of  Te@Au  hybrids  is  less  serious,  with  17.2%  loss  of  its 
activity. 

4.  Conclusions 

Te  crystals  with  a  dendrite  microstructure  were  prepared  and 
utilized  as  a  template  and  reducing  agent  to  prepare  Te@Au  core¬ 
shell  hybrids.  Characterizations  with  SEM  and  TEM  illustrate  that 
the  coating  of  Te  crystal  by  Au  film  does  not  destroy  the 
morphology.  Considering  that  no  surfactant  or  external  template  is 
needed,  the  method  developed  in  this  study  represents  a  simple 


and  green  approach  for  fabricating  Au  composites.  This  template- 
reduction  approach  can  in  principle  be  expanded  to  the  prepara¬ 
tion  of  other  semiconductor/metal  composites.  Notably,  using  the 
core  as  a  reducing  agent  also  ensures  that  the  coating  layer  is  thin 
and  thus  reduces  the  usage  of  precious  metals  such  as  Au.  The 
enhanced  electrocatalytic  property  toward  ethanol  oxidation  may 
be  attributed  to  the  combination  of  the  cooperative  effect  between 
metal  and  semiconductor  and  the  presence  of  a  large  number  of 
active  sites  on  the  surface  that  facilitate  the  adsorption  of  active 
oxygen  atoms  and  thus  the  oxidation  of  intermediates  adsorbed  on 
the  catalysts  [36].  The  improved  electrocatalytic  activity  and  higher 
tolerance  on  fouling  indicate  that  Te@Au  hybrids  is  a  good  candi¬ 
date  in  constructing  ethanol-based  fuel  cells. 
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